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ABSTRACT 


The metabolic pathways leading to the production 
of deoxyribose donors have been investigated in several 
Stairs: of ekischeri chialccoli. 

Phosphomonoesterase activities for five substrates 
(dCMP, dUMP, dIMP, dAMP, dGMP) have been examined in several 
wild type, high-thymine-requiring Gthy. )i; and low-thymine- 
requiring (tlr) strains. It was conecluded that no signi- 
ficant differences in this activity were present which 
could explain. the ae ane difference in thymine 
requirement. 

Deoxycytidylate deaminase activity was not detected 


with the use of a very sensitive (Lone mumole dUMP) assay 


employing radioactive substrate acmp-2-1%¢ (2 uc/umole) 
and a polyethylenimine cellulose thin layer - 0.1M Formate 


(pH 3.4) Eat cm 
No direct transfer of thymine to a nucleotide 
donor to produce thymidylate was found in EF. coli B 
cell-free-extracts, except in reaction mixtures producing 
large quantities of thymidine and containing a deoxy- 
nucleoside or nucleoside triphosphate. Both B-1o, (thy ») 
and B-1-1, Cohyve tiny eproduced small quantities of dIMP in 
reaction mixtures containing dCMP and either ATP or dCTP. 
IWOLULi Strains (5275, and 15TAU,) were investigated 


forse oes Ofeabsiliry, to catabolize deoxyribose compared: to 


two wild-type strains (K12SH and’ B). Both tir strains 
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possessed normal basal levels of deoxyriboaldolase but were 
deficient in deoxyravomutase activity. Neither of the tlr 
strains could produce dR-5-P and thus were not inducible 
for thymidine phosphorylase or deoxyriboaldolase when 

grown on thymidine or deoxyguanosine. 

The high-thymine requirement of thy mutants implies 
that the internal concentration of dR-1-P is too low to 
maintain normal DNA synthesis except at high external 
thymine concentrations. 

The low thymine requirement of thy tir mutants 
appears to be due to the blockage of the catabolism of 
deoxyribose resulting in an increased deoxyribose pool 
and an enhanced ability to synthesize thymidine at lower 


external thymine concentrations. 
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INTRODUCTION 


Mutations in the locus controlling the biosyn- 
thesis of thymidylate synthetase cause thymine requiring 
mutants to occur (Cohen and Barner, 1954; Barner and Cohen, 
Pot ee De mutantwce | le. in contrast to, the wild type, 
are capable of using external thymine for growth (Crawford, 
1958). All the necessary enzymes for the conversion of 
exogenous thymine to thymidylate appeared to be present 
in the wild type (Mantsavinos and Zamenhof, 1961). 

Thymineless mutants die in the absence of thymine 
maciketatnanwencter a static) condition;of growth. This 
thymineless death has been attributed to unbalanced 
nuclear and cytoplasmic growth (Cohen and Barner, 19543 
Maaloe and Hanawalt, 1961; Menningmann and Szybaiski, 

196 29%. 

Thymineless mutants of Escherichia coli (Cohen 
and Barner, 1954), Aerobacter aerogenes (Harrison, 1965), 
Bacillus subtilus (Wilson et al, 1966) and Salmonella 
fey PALMUYUMeCOkada et /al, 1962) have been isolated: 

These mutants tend to fall into two groups depending on 
tne level of thymine required in the meee: medium, 

High thymine requirers need 20-30 ug of thymine per ml of 
culture medium (Harrison, 1965) compared to 0.5-1.0 ug/ml 
for the low-thymine requiring mutants. Both ror of 


mutants, however,have an identical efficiency for the 
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corresponding nucleoside, thymidine, requiring only 1-2 ug 
per mile “The*thymine uptake for both ,high- and low- 
thymine “requirers is the same per bacterium... Also the 
high-thymine requirers are about 1,000 times more sensi- 
PivemuOrcyPOGAney OT aUraciastnhibition than, theylow, thymine 
requirers, Super-optimal concentrations of thymine will 
Aieceinhier.c growth (Harrigon,;) 1965) . 

It is unlikely that the high thymine requirement 
is a result of a permeability restriction, since the 
growth of the mutants can be initiated with low levels of 
thymine but can only be maintained by high levels of 
thymine (Harrison, 1965). The suggestion of a permea- 
bility restriction in high thymine requirers has also 
been refuted by Kammen (1967) who showed that while EDTA 
Cimeceress pernesn ili ty restrictions of Esicherd chia ,coli'; 
thus allowing Actinomycin D to enter, this relaxation had 
no effect’ on the metabolism of thymine. 

The examination of a ad straim of Escherichia 
coli (70V3-462) implicated deoxyribose into the metabolism 
of thymine. Growth of the mutant on a medium lacking 
thymine resulted in avl0. fold increase in the specific 
activity of thymidine phosphorylase and the excretion of 
deoxyribose into the medium (Breitman and Bradford, 1964). 

Deoxyribose donors promote the utilization of low 
concentrations of exogenous thymine by strains ordinarily 
dependent on high concentrations(Kammen, 1967), and an 


analysis of such a donor-supplemented medium after growth 
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showed an accumulation of the free base or its deaminated 
derivative associated with the deoxyribose donor employed 
GlanmmcaseetAdk).5 Ihe induction of thymidine phosphorylase 
did not occur with the addition of the deoxyribose donor 
and the addition of chloramphenicol to prevent i 
synthesis had no effect on the lowering of the thymine 
requirement (Kammen, 1967). Thus it appeared that the 
high thymine requirement was the result of an endogenous 
limitation on the availability of ape city oA rather than 
the Preis: of restrictions on the permeability of thymine. 
It has been shown that the high thymine requirers 
lack the enzyme thymidylate synthetase (Barner and Cohen, 
Be da Mantsavinos and Zamenhof, 1961), and that the low 
thymine requirement results from an additional mutation 
distant from the thy (thymidylate synthetase) locus in 
es COLL K12 (Alikhanian et al, 1966). The mutations 
resulting in rie low-thymine-requiring strains map at 
approximately zero minutes (newt to the threonine locus). 
The single thymidylate synthetase negative (thy) mutants 
all map next to ATS» distal to the thy-R or thymine-low- 
requirement (tlr) locus. Alikhanian et al, (1966) also 
reported that both high- and low-requiring mutants which 
they isolated could grow on 0.5-1.0 ug/ml of thymidine. 
This low-thymidine requirement indicated that the quanti- 
tative requirement for bate ys was involved in reactions 


prior to those using thymidine. 
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Okada (1966) noted in recombination experiments 
Carried Out to determine the location of tlr (called thy-R 
by Okada) that recombinants receiving the thy-R gene did not 
6€xpress, this. gene until some time after incubation in 
fresh medium. This observation could reflect the gradual 
igaseommoncnactivity present dimithe celb»priom to -the 
recombination event. 

eoeaicae anya aBiradfhord: (967 ).Hindicated (that a 
Glo st hata tof Ksecheriichia coda 25 1(70V3) lacked deoxy- 
ribose 5-phosphate aldolase, an enzyme which converts 
dR-5-P to acetaldehyde and glyceraldehyde-3-phosphate 
(Pricer and Horecker, 1960). The loss of this enzyme could 
result in the accumulation of dR-1-P which Breitman and 
Bradford (1967) suggested would inhibit thymidine phosphor- 
olysis. Growth of the wild type and thy, mutants on 
“thymidine resulted in the induction of thymidine phosphory- 
lase and deoxyriboaldolase whereas in the double mutant 
(thy tir) the aldolase was not induced and the thymidine 
phosphorylase was, Breitman and Bradford (1967) suggested 
that since the reactions catalysed by deoxyribomutase 
and thymidine phosphorylase are reversible and since the 
block at deoxyriboaldolase results in an accumulation of 
dR-5-P, this accumulation would lead Acner increase in 
the intracellular level of dR-1-P and a decrease in 


thymidine catabolism. 
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The increased levels of .dR-1-P would also support 
increased thymidine production at lower external thymine 
levels. 

This suggestion of an increased deoxyribose pool 
being responsible for the low thymine requirement was 
supported by investigations using Salmonella typhimurium 
(Hoffee, 1968). This worker claimed that Salmonella 
typhimurium possessed two types of deoxyriboaldolase and 
isolated 4 types. of low thymine requiring mutants, three 
of which were missing one or both types of aldolase. She 
claimed that the type I aldolase was induced by deoxy- 
ribose and coordinately regulated with deoxyribose 
kinase..| the type II aldolase was induced by dR-5-P and 
coordinately regulated with thymidine phosphorylase. 

Four mutants of Salmonella typhimurium were 
isolated which were low-thymine requirers (2 ug/ml). 

Of the mutants, one (chy, 1) could ferment deoxyribose and 
contained normal induced levels of deoxyribokinase, both 
dR-5-P aldolases, and thymidine ots geen Rep This 
mutant was a low thymine requirer and yet possessed both 
aldolases and full aldolase activity. The thy, “mutant 
could not ferment deoxyribose and was partially consti- 
tutive for thymidine phosphorylase, indicating that it 


was tacking both type I and type II aldolases. The 
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chy ae mutant lacked the type I dR-5-P aldolase and 

was inducible for deoxyribose kinase but was constitu- 
tive for thymidine phosphorylase and dR-5-P aldolase 
EypewLL* The fourth mutant Gtnys a) lacked the type 

II aldolase and was inducible for thymidine kinase and the 
type I aldolase but constitutive for thymidine phosphory- 
lase. Hoffee (1968) suggested that growth on deoxyribose 
induced the permease, the kinase and aldolase I and that the 
action of these enzymes resulted in an increase in the 
levels of dR-5-P which in turn induced the second operon 
for thymidine phosphorylase and dR-5-P aldolase type II. 


The relationships of these enzymes are shown below. 


aldolase I acetaldehyde + 


dR. kinase. dR-5-P ————~ glyceraldehyde-3-P 
in —> ————_ 
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thymidylate kinases 
synthetase 


Thits 22 thecir mupante Lacked one or both 
aldolases, the catabolism of dR-5-P would slow down and 


dR-1-P would accumulate as the dR-5-P levels increased. 
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However some tlr mutants have been isolated which 
possess complete basal aldolase activity and cannot be 
induced for either thymidine phosphorylase or deoxyribo- 
Biaovese nt hescuinclude b.. ;coli 15T and strain I (Breitman 
and Bradford, 1968) and chy of Salmonella typhimurium 
(Hoffee, 1968). Breitman and Bradford (1968) attributed 
this phenomenon to the inability to catabolize deoxyribose- 
PPOs (CO sa. Lack 10:£ etd dtomutass BOL LVty we cS 
mechanism of lowered thymine dependence is supported by 
Peileal tec COI 2-O2/0% used in the work for this 
thesis. This mutant cannot be induced by thymidine or 
deoxyguanosine for thymidine phosphorylase activity 
although it possesses normal basal levels of thymidine 
phosphorylase (Razzell and Casshyap, 1964) and deoxy- 
riboaldolase. Thus it appears that the low thymine 
requirement is a result of the inability to catabolize 
-dR-1-P or dR-5-P rather than the result of an increase in 
the levels of deoxyribose donors by some other mechanism. 

When the work compiled in this thesis was begun 
bie was thouchts trace a possible? explanation for the “ability 
Clathyminelrequirers to utilize thymine was’ that the level 
of deoxyribose donors was increased over the levels which 
were normally found in wild type cells. In addition, 
evidence was available which indicated that there existed 
a phosphomonoesterase with greater intracellular activity 


POreuUMPeeancediMe than for any of the other deoxyribo- 
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nucleotides. Further evidence from previous work on the 
problem of thymine metabolism indicated the possibility 

of deoxycytidylate deaminase activity, an enzyme previously 
rite Loepesnon-exleatent,-in Escherichia, coli (Keck, 
Mahler and Fraser, 1959; Flaks and Cohen, 1959; Fleming and 
Bessman, 1965). Thus it seemed feasible that the low 
thymine requirement was brought about by an increase in 

the supply of deoxyribose donors by the pathways shown 


below. 
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thymidylate synthetase 
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Thus a systematic study of reactions capable of 
increasing the level of deoxyribose donors in thymineless 


’“ mutants was carried out. 
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Soe MATERIALS AND METHODS 


1. Materials 

All chemicals were obtained from commercial sources 
HuGceweLe Of a high standard of purity. eS ee was 
obtained from New England Nuclear Corp., Boston, Mane 
and the Radiochemical Centre, Amersham. acmp-2-2%¢ in 
the diammonium salt form was obtained from the New England 
Nuclear Corp.. Bacteriai Alkaline Phosphatase was a 
product of Worthington Biochemicals Corp.. 
Peeoectertal Strains 

Escherichia coli strain B was obtained from Dr. S. 
Luria and mutants B-l4o and B-1-1, were isolated by 
R. Swanson using the aminopterin method (Stacey and 
Simoson, L963). Strain 15TAU was obtained from Dr. P. 
Hanawalt, strain Ki2SH from Dr. -W. Fangman and strain 52/5 
trom Dr. J. Lederberg. 

Stock cultures were maintained at room temperature 
in wax-sealed tubes of 1/2 strength Difco nutrient agar. 
3. Media 


Minimal Media 


The minimal media employed contained per liter: 


KH, PO, Pye ae The glucose and MgSO, were 
K, HPO, Tak 2 autoclaved together separate 
(NH, ) 550, a hy Ug 3 from the other salts to 
MgSO, Un Lae prevent carmelization. 


Glucose Ac0" ¢ 
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The supplements empioyed were: 


Thymine 20 mg Thymine and other supplements 
L-argenine 60 mg were autociaved separately 
Uracil 10 mg and added to the medium after 
Thymidine 20 mg sterilization. 


&. Growth of Organisms 

faapivhinioey Sra stock cultures were plated on Nutrient 
Agar plates and then on either minimal plates or supple- 
mented plates depending on the requirements of the strain. 
Single colonies were picked and used to inoculate suitable 
broth tubes which were then incubated overnight on a 
touvemrotbersat 3/°C.° “Growth was followed turbidimetrically 
at 650mu with a Beckman DB-G spectrophotometer. Cells 
were harvested in the late logarithmic phase of growth. 
mare paration of Cell Extracts 

Cells were harvested by centrifugation at 27,000 x g 
fore!) minutes, washed once with’ 0; 0O5M Iris Acetate buifer 
Diego ana resuspended in this’ buffer to yield a weight* to 
volume ratio of 1:4.) The cell suspension was kept on ice 
and sonicated for 30-60 seconds (2 ml quantities) using 
a Bronwill Biosonik (Bronwill Scientific, Rochester, New 
York) at full tuned power. The temperature of the cells 
did not rise above 10°C during this process. Unbroken 
cells and debris were removed by centrifugation at 20,000 
wecefory ld, minutes at 4°C. 

The protein content of the cell free extract was 


determined by the method of Lowry et al (1951) using 


a0 . ¢ 
ual wis 
en 


> Ga he 


‘@ 


vay ey toes 
a a “2 roe 
Owe Salen roy a 
A al anaes ? 
FP eee ae 
my oy ee 7 > 5 , Ut 
as ; Cet PT 
ve ¥ , a iy ot i ; ; 
Anns "0 yee eee amen: ead 
» oe i a 4 7 f+ aad 
A Stet ba pitta eS OE: Bee Pa 
- I > A aT, oh ' 
ake eases br are 
x % e ‘ie Al 
| ri weale S meal * 
n al Oe Ae ; 
i] yy re +; 
. <a | 
y : Ae Pe oath ener Se, Oe ee 
/ ys) é.f a . i y 
ne ; y 7) j AY SO Tey -B sat T1¢. { F Wk f i ! a eine | a eo 
us 7 4 pe  % ’ \ ay i + de 
7 n ew et be “he " “ss 74% 
bi 7 | tava Peete opie oe | ha eda 
“i hd 7 , 7 A ? . v Pp 
= . ee hs fs be T aes aca 
hema mn . * J : a 
* ’ , . Sure , 4 Ads hin 
f 4 fit Le ids Gi o PP as | e«" er bo el a a Ay; eee 
| i ay | 
: iT js P Wee)? 
Yhisior is Pigad ot Raw teh hag cod a SO See 
° a | , 90 \e at oe NC 
v2 : - ‘\ i : 
Ape ee tea Wee 1 5 
So oO J ae pata aA’ “a 4 ¢ £O la Say» we 
"Wye ; , sf ‘a ow 
j p ae i, & A Pe fe ! ee ent ies “t 
é . ea Nie 7 } SS ¢ 
9 ' x) » i" Pi 4 ‘ . 5 “"'e fi J : . 
i ‘ - >" | f = * xt * 
4 ‘ is > i a Pal : t 4] : q ; + J 4 
- . io oe aan | os oe “Fe Las Tea 
a . i - a caig, rye 
| wort Prades Prd Bod F Nea bb Sg 4 aes 
: ; f ; i 4 Ne 
= Oy aif s i . ag ; PA r } #3 i. 
( ae ok ae, at eV 
1 P | a ' =——s 
‘ * bee ® ™ 2 2 * « E 4 *e : 
ae , } ae itv) in waa EYSRrt 4 ; swt 
> we * , . ) a a - + j “ ¥ : a" i if } 
’ a a - S “4 to: i i ey 4 : “ 
y yi a) ud ‘ >, ‘ : i a} i‘ 2 ei a =f A. 2 “a ae - ; 
| U 7 ca i 2 
5 4 ‘ : its > 4 
ama ag oes oh ne | ae 
se ae Py } <> Se | bo ah oe LS Me pet as, Ori te , 
y 7] rag : a ie 2 yy a CRs eee * 
i ¥ " * esl ay x ; * — ‘ - 
e 4 us a * » 2 2 5 oe ¥ i. 
| rs ee A ‘ope PES waa FS baer ee) (4A LP ee 
s i A rs -/ yo * or i, yo if ‘ * 4 
an grntee temitttwarp Se) Shoah Cast 144. Fey 
7 — > : : v4 ry , : . i ote = 4 fa ar 
a ae : = mf : <= a : 
\ iv ' - 7 : “a Pt er - r P 
ie | och —- tee.) wes is ht 58S Wis. te arte, 7 i , et ak Zt 
. eC. Pa’ au : 7, >) ‘ 7 auai ~e ni y 
a7 Ves a ee ee ee ve Tie, » ¥ los “Ye be tis ae 
as A | * “A ae oo ~ 29 “a4 4 id wr yey . i, & ee , v 4 _ A 
wa (CP WES SS SYR OUT. a RMT Rees). iT + oS. 
hy WAP ey! ss : Bod oe ied “eae 
per ET aie ee “see x 4s , oa fa ‘ tr er De eae if 
; c roy a al fw ee Ae iy ee 
1 sy eam ae er oe Me pee 
= oul ‘ : CL aaa 
pe a an ‘ wi 


Bovine Serum Albumin as a standard protein solution. 
6.,.Dialysis.of, Cell Free Extracts 

The cell free extracts were dialyzed overnight 
against 50-100 volumes of 0.01M Tris Acetate pH 7.5 
Gonceinuines0.002M. dithiothreitol. 
jee Lsotation ofvwMutantse {by eR. Swanson, 11968) 

Strains B-1,6 and B-1-1, were isolated by the 
aminopterin method of Stacey and Simpson (1965). Strain 
B-1l.45 can grow in the absence of thymine at 25°C but not 
at 37°C, at which temperature 20 ug/ml thymine was re- 
quired for growth. Strain B-1-1 required 2 ug/ml thymine 


2 


for growth and was isolated from strain B-l by a 


20 
gradient plate technique. ( Washed cells were plated on 
a minimal plate with about 1 mg of dry thymine in the 
Cemtememrnnter two days .f Incubation at 37°C, *colontes 
on the periphery of the confluent growth were picked and 
tested for their ability to grow on 2 ug/ml thymine.) 
8. Chromatography 

(a) Paper Chromatography 

Whatman No. 40 or 3MM paper was used with solvent 
A, isobutyric acid-ammonium hydroxide-water-0.1M EDTA 
COOMA 2285) nob mee rower temperature employing the 
descending technique. Diehl tomes oxb ing material 
was observed with short wave uv light using a Chromato- 
Vue. (Ultraviolet? Products, Inc., San Gabriel; California). 


The radioactivity of uv detected spots was scanned with 


an Actigraph III (Nuclear Chicago). 
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Elution of spots from paper chromatograms was 
accomplished by allowing distilled water to rise up the 
strip containing the spot. The saturated paper strip was 
then wrapped in a foil support and washed into a centri- 
fuge tube in the same direction as the rise of the solvent 
peut Lhe. O1l was tolded “over the lip. of the tube and 
any remaining eluent was collected by spinning at low 
speed. 

(b) Thin Layer Chromatography 

Glass chambers were used rather than Chamber plate 
sets because the solvent systems employed were volatile. 
The standard ascending technique was used. 

Polyethylenimine cellulose (Baker-flex, J. T. Baker 
Chemical Co., Phillipsburg, N.J.) was employed with either 
Geierarhmate pH 3.4 or Z27OM™Formate, pH 3747 ° The»poly— 
ethylenimine sheet was pre-run in distilled water to 
remove excess polyethylenimine which otherwise tended to 
qe compounds with Rf values greater than 0.75. 

Eastman Silica Gel with fluorescent indicator was 
used with two solvent systems: 

(B) n-butanol —- 204 NH,OH, S372 Ly 

(C) ethyl acetate - formic acid - HO, Bo eile ay fis J 

organic phase (Fink, 1956). 
The Silica Gel sheets contained a non-soluble 


fluorescent dye for the detection of ultraviolet-absorbing 


spots. 
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Pump guid scintillation, Counting 

Samples of radioactive material were suspended 
ipees Mie prays solutian. (Bray, 1960) ands counted on 
ai liquid scintillation counter (Mark. I, Nuclear Chicago) 
using Channel Ratio Quench correction to determine counting 
Sriucrency. 
f0re peurification of dCMP and. dUMP 

Alx 3 cm column of Rexyn Ag-1 (Dowex-1 x -8) was 
prepared, washed with 0.5M NH, HCO, and then washed wit 
distilled water. When the pH was approximately 5.0, the 
column was loaded with 50 umoles of impure dCMP (or impure 
dUMP) and washed with water to remove contaminating nucleo- 
wiaceeaia bases. « Ajoradient ,o1.0.0=toc0 25M NH, HCO, was 
then run through the column and the absorbance of the 
fractions read at the appropriate wavelengths (dUMP, 
260 mu; dCMP, 280 mu). The fractions containing the pure 
nucleotide were pooled and concentrated on the rotary 
evaporator and then re-evaporated from distilled water to 
remove traces of NH, HCO... The product was then dried in 
the desiccator and redissolved in distilled water to 
yield a solution of 20 umoles/ml. The yield was 62% for 
qgCMP and 7SZ4for dUMP. The purity, of the products, was 
checked on Silica Gel using solvent C and both products 
were found to be pure with no visible contaminants (less 
Bian.0:.92).. 
11. Deoxycytidylate Deaminase Assays 


(a) The basis of the original dCMP deaminase assay 


used was the absorption of the substrate, dCMP, on Dowex-50 


ced ed 


between pH 2-3 and the passage of the.nonadsorbable product, 
presumably dUMP (Fleming and Bessman; 1965). The incu- 
bation mixture contained the following in 0.2 ml: Tris 


Acetabe, spl 7..6,-..200 mM: MeCl as eG LPs 25.5. im M's 


14, 


2? 
Dithiothreitol, 2.5 mM; dCMP-2- yao mM: sand about ~l gms 
puotein. 

The assay mixture was preincubated for 5 minutes 
at 37°C and the dialyzed cell-free extract was added at 
zero,time. The assay mixture was sampled at 1, 5, and 
15 minutes and the 50 ul samples were added individually 
Cosumaomleof Os04N HC] tosyield.a pHvof about 2.0, This 
solution was then loaded onto a Dowex-50 x 2 column 
Ge form) and washed with several ml of 0.01N-HCl. 0.5 ml 
fractions were collected and 100 ul were sampled from 
eeeuecLaction tosbe, counted 1942.5 mlsBrayis,.solution,in 
the Liquid Scintillation counter. 

(b) The second assay used involved the same reaction 
Mixture and,a different ,detection technique. .The reaction 
mixture was preincubated without enzyme at 37° and at 
zero time, the dialyzed cell-free extract preparation was 
Pode MeeAt ten ssUaminutes satus ies 2onulsofeaeld GO2 PCA 
was added and the mixture was placed on ice. The pre- 
cipitated protein was removed by eer eer ann and 40 mg 
of acid washed charcoal was added to the acid supernatant. 
The charcoal was spun down and the supernatant was checked 
for residual radioactivity by_adding an,aliquot to 2.5 ml 


Breves 60 )utLOn. andscounting in a Nuclear Chicago.Mark 1, 
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The charcoal was then washed twice with 50% EtOH containing 
1% NH,OH. The washings were concentrated with an air 
stream, spotted on 3MM paper and run overnight in solvent A 
(see Chromatography). The spot containing dCDP and dUMP 
WoemeoluLedeu ned volume ofst.0) ml. and 25. ul.of-0,1M) Tris 
Acetate pH 8.0 and 2-4 ul of concentrated NH, OH were added 
to bring the pH to approximately 8.0. 1 ul of bacterial 
alkaline phosphatase was then added to this solution and 
AuoWwed't Op iavcubate, for 20 minutes at 37°C: The reaction 
mixture was then concentrated with an air stream, spotted 
StiasotMe papers and, run inisolvent Aj.) The UdR and CdR spots 
were located using uv light and counted on the Actigraph 
Sstnip counter... 

(c) The third assay technique used to measure dCMP 
deaminase activity employed Silica Gel thin layer chroma- 
Poeraphyes tlhe, assay, mixture, contained in. .as neduced 
Voummewode 50 Ulan wast incubated for 30) minutes) atj377C, 
or hed byaheating/jat 100°C, for 1 mimtite, treated. with 1 ul 
BAP for 30 minutes at 37°C and then 20 ul was cospotted 
with 2 eres CO UdesUidR "0 NetS Jats CaniGei, solic Joni Neeley er 
sheet was developed in solvent C and the UdR spot was 
Pini Gand coup ted pin b2yor mle Bray vs solution, 

(d). The fourth assay technique removed the necessity 
for, the BAP treatment... The assay mixture was incubated 
Pop sooeminiuces .ats sic cand: stopped: insboitling water. .as jin 


(c) and a 20 ul sample was cospotted with authentic dUMP 


Dre ie a, Cerandanumemn O..1M: Bormate pi 3.4.) The, PET sheet 
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had been predeveloped in distilled water (see Chroma- 
tography). The dUMP spot was ovserved under uv light, 
Gwvevouc, sand counted’ in 255 ml Bray's solution. 
12. Thymine to Thymidylate Transfer Assay 

(a) In order to measure the conversion of thymine to 
dTMP, the technique of Sherman (1963) was employed. 

This assay depended on the formation of negatively 
charged pr ounetsS which would adsorb to Whatman DEAE (DE81) 
discs while the unreacted thymine and thymidine would remain 
unadsorbed and could be washed through the paper disc 
with distilled water. The paper DEAE discs were pre- 
wetted to minimize non-specific binding of thymine or 
thymidine. The discs were dried and glued to planchets 
and counted on a Nuclear Chicago gas flow planchet counter, 

(b) The thymine -to- thymidylate transfer assay was 
also carried out using Silica Gel and solvent C measuring 
both thymidine and thymidylate production. The assay 
mixture contained the following in 50 ul: Tris Acetate 


pHarvo>s20°mM; Mec 2 tts a CMP? 2 mM? GUMP > 2 mM: 


dCLEE el mM; Thydin aaa ee 2 mM, and 0.1 mg protein. 


2? 


After 30 minutes incubation at 37°C, the reaction 
mixture was shore éa by boiling for 1 minute and the 
precipitated protein was sedimented in the centrifuge. 

A 20 ul sample was cospotted with authentic cold thymidine 
and thymidylate on Silica Gel and developed in solvent C. 
The thymidine and thymidylate spots were ofserved under 


‘uv light, cut out and counted in Bray's solution. 
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13. Phosphomonoesterase Assay 


iIcwaeactaon mixture, contained an 50 ul: Tris 
Acetate pH 7.5, 20 mM; substrate, 2 mM; and approximately 
0.1-0.2 mg of protein. The reaction mixture was incubated 
Pore o minutes at- 37°C and stopped with 0.35 ml of cold 
4% PCA. The precipitated protein was centrifuged and 300 ul 
of the supernatant were sampled and analyzed for inorganic 
phosphate using the Chen procedure (Chen, Toribara and 
Warner, 1956). Appropriate controls for baseline phosphate 
in the dialyzed cell free extract and in the substrates 
were carried out. 
14. Deoxyriboaldolase Assay 

Two assays were available for the measurement of 
deoxyriboaldolase activity. The assay employed measured 
the decrease in deoxyribose-5-P using the diphenylamine 
procedure of Burton (1956). An alternate procedure, 
measuring the acetaldehyde produced by deoxyriboaldolase, 
Bamoved reduced nicotinamide adenine dinucleotide and 
alcohol dehydrogenase. However, Lomax and Greenberg (1968) 
stated that this assay was frequently unfeasible due to 
the relatively rapid oxidation of NADH in some extracts, 
especially when the aldolase level was low. These 
workers recommended the diphenylamine procedure of Burton 
(1956) for the detection of even very low levels of aldolase 
activity without background interference. 

The reaction mixture contained in 40 ul: Tris 


A@etateiph 740,50 mM: dR-5-P, 2.5 mM and 0.1-0.2 mg 
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of protein. The mixture was incubated for 30 minutes at 
Aieumandea topped With: O.o59 ml of cold’ 4% PCA. The preci- 
pitated protein was removed by centrifugation and a 
sample of the acid supernatant was assayed for loss of 
deoxyribose using the diphenylamine procedure of Burton 
C1956)... 
15. Deoxyribomutase Assay 

The basis for this assay was the acid insta- 
bility of the substrate, dR-1-P, .and the acid stability 
of the product dR-5-P. Thus activity was measured by the 
loss of inorganic phosphate using the Chen procedure (Chen 
eb. ialyy 19/56 ).. 

Ine ageady “Mist une, contained Aan, 25.1: ) Tris 
Acetate pH 7.5, 20 mM; dR-1-P, 4 mM; and protein 0.05- 
0.1 mg. The reaction mixture was incubated for 30 minutes 
aoe hte and stopped with 200.01. of cold 42 PCA. _.The 
precipitated protein was removed by centrifugation and 
samples of the acid supernatant were removed and analyzed 
foastloss of sinorgeand cj phosphate using .the Chen procedure 
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RESULTS 


Des Initial Studies of Phosphomonoesterase Activity 

The phosphomonoesterase assay system has been 
described previously (see Materials and Methods). Five 
Sthcanoeo, Eecherichia coli were studied initially 


(B, B-l B-1-1 K12SH, LS CoA b} using five substrates 


20? 2° 
(dCMP, dUMP, dTMP, dAMP, dGMP). The results of these 
Studies are shown in Table (1. 

IneSeredgces € phosphomonoesterase activity was 
BOoundstonedaUMP) andsdIMP\ The activity for these. two 
SuUBSGraAteCSs was much higher than that for dCMP and 5 to 
10 times higher than the activity for dAMP and dGMP. 

This observation led to the possible inference that although 
the activities were virtually the same in the mutants 

and the wild type, the higher activity of dUMP phospho- 
mMonoesterase could, under suitable substrate conditions, 
make dUMP a prime deoxyribosyl donor. The reaction 
pecduct  Udk BecOuLdyrurtherr peactiwi th rloin) as transfer 
catalyzed by thymidine phosphorylase (Zimmerman, 1962), 
to yield TdR. Since thymidylate synthetase which uses 
dUMP as its substrate is not functional in thymineless 
mutants, there is a potential dUMP pool for these mutants 
Wikeechedoes not Extst tin the; wild type. 

JemeloutLal Studlés. or lransferase Activity 


Previous work in this laboratory on the proposed 


dfrect) transfer of thymine to a donor nucleotide to 
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TABLE I 


Initial Results of Studies of Phosphomonoesterase Activity 


in Cell Free Extracts of Wild Type and thy strains of 


E. coli 


Organism 


B B-1 B-1-? K12SH 15TAU, 


Substrate 20 2 9 


mumoles/hr/mg protein 


< 20 
340 
540 
110 


70 


The complete system (50 ul) contained Tris Acetate 
Due. nes0anMs substrate, "2imMstand approximately 071+ 
0:2 mg iprotéin.* The feaction mixturé was*incubated 15 
mMintdtes+at 37° Ciand’stoppedewith 000735 -ml°of cold 425PCA. 
The acid supernatant was analyzed for increase in inor- 
ganic phosphate using the Chen procedure (Chen, Torbara, 
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form thymidylate indicated that dCMP was the most effective 
donor and that this activity could be stimulated by 

various mononucleotides (aUMP) and mononucleoside tri- 
Pueapuetea, CGAlP, dCiP. dCiIP)., This activity also differed 
Deeweoen coll—Tree extracts of mutant cells and wild type 
cells (Swanson, 1968). 

Initial studies of this problem with the DEAE 
filter dise method indicated thet the greatest” activity 
could be observed with a mixture of dCMP and dUMP. THe oe 
results were inconclusive due to contamination of the 
substrates, dCMP and dUMP, with their respective nucleosides, 
3. Studies of Deoxycytidylate Deaminase Activity 

The possibility of the existence of dCMP deaminase 
had been indicated in this laboratory prior to’ any inves- 
Creations or this thesis (Swanson, 1968)> The’ initial 
assay procedure employed was a modification of that used 
by Maley and Maley (1960). The procedure involved the 
acidification of samples taken from the reaction mixture 
at various times and the separation of the adsorbable 
substrate, dCMP, from the nonadsorbable product, dUMP, 
on a Dowex-50 eae Ste pie) pee OWeVeE LT aOOPlS and saul 
ere electronically equal at’ pH 2.0 and both dCDP and dCTP 
would pass through the Dowex-50 without being adsorbed. 
Also the dephosphorylated product, UdR, would pass through 
the column. Since the enzyme source was a crude dialyzed 
cell-free extract, there was considerable conversion of 
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the radioactive substrate, dCMP-2- to the diphosphate 
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and. triphosphate forms. It was found later that the dCMP 
was also being dephosphorylated and then rapidly deaminated 
to produce radioactive UdR which was not adsorbed to the 
column. These alternate routes of production of compounds 
which would behave like dUMP in this system led to the 

use of chromatography to separate the products. 

In the second assay system (see Materials and 
Methods), paper chromatography in solvent A was used to 
separate the radioactivity into three spots (dCMP; dCDP 
aodeaUMP and dCTP). There was also-.a small quantity of 
the deoxynucleoside tetraphosphate present. The dCDP and 
dUMP spot was eluted, treated with BAP, and the treated 
mixture rechromatographed in the same system to produce 
two or three spots, UdR, CdR and some partially reacted 
dCMP and unreacted dUMP. However this procedure was 
awkward and time consuming as each chromatogram had to 
be run overnight. 

A third procedure (C) was then adopted which 
combined the BAP treatment and the original reaction 
mixture without the intermediary step of separation of 
the dCDP and dUMP spot. The products of the BAP treat- 
ment were separated on thin layer Silica Gel with solvent 
C. -The UdR separated cleanly from all other nucleoside 
and nucleotide components of the system and the technique 
Droveduto be-satisfactory. However if the reaction,was 
not treated with BAP considerable counts in the UdR area 
could still be found. The dCMP might be converted to UdR 


in the two ways shown in the following pathway: 
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dCMP phosphomonoesterase CdR 


deaminase deaminase 
(2) (rapid) 
dUMP phosphomonoesterase UdR 


If dCTP was left out of the reaction mixture, more UdR 
was produced without the BAP treatment than with this 
Teearment.© this observation Led sta the possibility that 
dCTP was inhibiting CdR deaminase and interfering with 
the bacterial phosphatase. A typical experiment with. 
accompanying controls-is shown in iTable (IL). 

Using polyethylenimine cellulose thin layers 
Boe Formate, pH 3,4, a satisfactory separationsof 
dCDP and dUMP could be achieved. Examination of the 
reaction with this system and with the Silica Gel system 
gave results as shown in Table CEI ):: 

These results showed that in a reaction mixture 
without ene substrate, dCMP, was converted almost | 
Predertarive ly to the dephosphorylated and deaminated 
product UdR, rather than to dUMP, the product of dCMP 
deaminase activity. The addition of dCTP to the system 
had two effects. One effect was to reduce the CdR 
deaminase activity and the other was to provide a source 
of high energy phosphate which could be used by a 
suitable kinase to phosphorylate UdR to produce dUMP. 
However the 100 dpm of dUMP activity could also have 
been produced by dCMP deaminase activity stimulated by 
the presence of dCTP. By adding a pool of cold dUMP 


to the reaction mixture, it would be possible to trap 
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TABLE. 


cCMeeleaminase Activity.in Escherichia coli B Using 


silicarcel, Lechnaque 


Assay Corrected Specific 
Miscture',;-- Bele wdpm/20ul/ 30% mins ACtiny Ly 
mumoles/hr/mg protein 


Complete + 4050 2:2..0 

ie 3100 chy ce 

oxen + 3300 18.4 

= 600 Stal! 

-DTT + 3800 21.2 

s 3600 20.1 

-~dCTP + 8800 49.1 
re, ~ 10800 6033 : 

-dCTP, -Mg + 7300 40.8 

= . 6800 38.0 

PaCrP Mp. DTT: + 13800 frist 

s 5400 3 Ona 


The complete assay mixture contained in a final 


++ 
woruneror 50 ub: Tris Acetate pH’ /.6, 20 mM; Mg =, 


Pam Dil, Lom; dCTP.) mM; dCMpooe yd. les mh Osa Cs 
and 0.1-0.2 mg protein. The reaction mixture was treated 
as described in Materials and Methods. The dpm/20u1/30 min. 


values are corrected for background activity found in a 


reaction mixture to which enzyme was not added. 
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TABLE ILL 


of dCMP Deaminase 


Rese toon mixtures. With. Strains, of Escherichia colt 


TS 


dpm 
Assay dcp Es 
Organism Mixture dCMP dUMP UdR dCTP 
B complete 22600 100 144000 5000 
Mots 99000 80 46000 2400 
-dCTP 2500 2 156000 7 
~Mg'', -dCTP 6000 Z 150000 2 
+d UMP 131000 240 4200 7800 
B-1lo4 complete 90000 290 23000 16000 
eM oie 111000 275 13000 5000 
-dCTP 66000 zs 67000 300 
-Mgtt, -acTP 93000 2 42000 70 
eae: 80000 650 13000 22000 
B-1-1, complete 95000 270 16300 20000 
Me Ek 126000 160 8300 4100 
-dCTP 117000 4 24000 1100 
-Mgtt: -acTe 92000 160 31000 100 
+dUMP 114000 80 7000 11600 
ee ees tN eb akg. FN ee ee 
dCMP, dCDP and dCTP, 


and dUMP were measured using 


the PEI thin layer system in 0.1M Formate, pH 3.4. 


UdR was measured with the Silica Gel thin layer system 


and solvent C. 


The concentration of dUMP was 2 mM. 
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any dUMP which was formed during incubation. This procedure 
was carried out and the radioactivity doubled, going from 
100 dpm to 200 dpm which was negligible compared to the 
Potaweragtoactivity) (176,000) dpm) in the sample. ~ dUMP 
also appeared to slow conversion of dCMP to UdR, probably 
by competition at the phosphomonoesterase level. 
4, Later Studies of Phosphomonoesterase Activity 

From the studies of dCMP deaminase activity, it 
appeared that there was considerable dCMP phosphomono- 
Gsterase activity in fresh dialyzed cell.,free extracts. 
Re-examination of phosphomonoesterase activity using 
fresh dialyzed cell free extracts gave the results shown 
fneceple CIV). 

Comparison between the members of the B group 


reveal a 2 fold difference between the mutants and the 


wild type for dUMP. However this decrease in activity 
can not be seen in 15TAU, or 92755. ACtiviny Wfor. other 
substrates does not vary appreciably. The B-1-1, mutant 


generally had the lowest activities for all substrates, 
however this was not reflected by the two other low 
thymine requirers, 5275 and 15TAU . Thus there appeared 
to be no major differences in activity for the substrates, 
dCMP and dUMP, between the thymineless mutants and the 
wild type. 
5. Thymine to Thymidylate Transfer 

Initial studies of this proposed reaction were 
confused due to the presence of contaminants i. ie 


substrate solutions. Using cleaned preparations of 


pe a tae ah et 
Pe toes sale no 
7 f ‘ 1 “a eas ae : Pde. hy i 


12 gi 7p Ae ert Ay Mei ‘ qi Bre hae o i 
: » . av) 


= 
. 
— 


Qe Cli ey, eM, 4 ies 


. * qa 
7. 


3 anit ‘" rue ts cage meesihe 
an oe 
a 


: 3 : he EN rs saciegpaseeayay: 
Pr daa Se eh Ginety pi bolt 
eer eet a) Ca eM Rei ee aaa rin 


oe) 


ee hs WHS f kaerpaie J peat! it ty 1. So 


: > a) or : " a 
“nee Tal : oye 
uveons #4 ruse? Par ing’ aie Stas vj gent) a or tee # 


, 


eee cc v + ~*~ Ry rey Rai oitp ae feo ce ave ae 


“ick Sn ably, sail NY Me At os LETH wy “in 


~ 


* 
i 


v Vhied gee iT COP AE Pe ae “hel POM, Halo ste ae 


reac jpeg? {gee Vaud Hh , 
ad wig 


eer 4 
infant he =e wae pe? ot thy ant nade 
iowird hy AOS a sree aha, si se 


Pe uF 
' ‘oat ie 


Ah Up kag ae ce is Baa Bier: aoe: le sae) ” 


ray ~ an, 


as. “aay wre oe oy | ey, wis aNaE ee 
Tih ae ait hp ae cages says tat 


as 


¥ 6, 


is Vibe ah 

es ah = oi i a a 

y 7 ye io A ay ‘ a ay as Ass gai : is ol fi Fea 
Seer wy ei : OS re Ae ) a of ue a i rales y 7 ’ a. ri -, .* rns Gi 


a a ae ae OM x4 , ie fe neavicee : . : 
aes ; or beth ad ies ‘ +9 ok 
my ’ f 


sey By 


TABLE IV 


i 


Media 
Supplement Substrate Activity umuoles/hr/mg protein 
Organism T TdR dUMP dTMP d CMP dAMP dGMP 
K12SH + 890 1450 450 560 600 
K12SH + 700 1050 220 520 “400 
I5TAU “ 780 1330 680 820 615 
aad as + 750 1070 640 640 re 
Satisigs + 410 520 370 300 170 
B | 270 460 200 210 80 
ber + 130 420 180 160 80 
Ber + 130 260 180 90 50 


The composition and treatment of the reaction 
mixtures has been described previously (see Materials 


and Methods). 
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dCMP and dUMP (see Materials and Methods) and an assay 
involving thin layer Silica Gel and solvent C, the pro- 
ductiony of “both “ad IMP *and \IdR cotld be followed, “In 
all cases except one, no TMP could be detected using 
ioeviectmcek sree extracts) of E. coli B. However TdR 
was produced in all reaction mixtures (Table V). 

The.reaction mixture which did not contain dCMP 
produced the most counts in both the dTMP and the TdR 
Bredce elise Tesuit 1s) .mopposition to the reports. of - 
Swanson (1968). dTMP was produced only when dCTP was 
present, possibly because a triphosphate donor was 
necessary to produce thymidylate as a result of thymidine 
kinase activity. dUMP appeared to be the best substrate 
in initial experiments. Since considerable dUMP phospha- 
tase activity had been found in previous work, it was 
feasible that the activity was the result of UdR con- 
version to TdR. This seemed logical because 2 to 3 
times more TdR than dTMP had been produced in a reaction 
mixture containing dUMP as the substrate. To test this 
hypothesis, similar experiments were carried out using 
the nucleoside rather than the nucleotide. The results 
are shown in Table (VL). 

From these results it Dae eee that the enzymes 
responsible for the production of thymidylate were dUMP 
phosphomonoesterase, thymidine phosphorylase and thymidine 


kinase. The probable reaction sequence is shown below. 
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TABLE V 
Thymine to Thymidylate Conversion in Dialyzed Cell 


free shetccacts Or pes Codie b 


Correc tedaDeM / 2011/30) min. 


Assay ; TdR d TMP 
Complete 3150 €50 
-Mg’* 2300 " 
-~dCMP 5000 1900 
~d UMP 2300 €50 
-dCTP 4400 " 
—~Mpe'*, -dCTP 4500 " 
—-dCMP, -dCTP 4300 f 
-dUMP, -dCTP 1300 " 


The complete reaction mixture contained the 
following in‘°50 ul: Tris Acetate pH 7.6, 20 mM; MgCl., 


Lee 2, me 


2 mM; dUMP, 2 mM; dCMP, 2 mM; dCTP, 1 mM; T-2- 
2 uc/um; protein, 0.15 mg. The mixture was incubated for 
30 minutes at 37°C and stopped by boiling for one minute. 
The precipitated protein was removed by centrifugation and 
a 20 ul sample of the supernatant was removed and cospotted 
with cold TdR and dTIMP on Silica Gel. ftextthe thin 


layer sheet was developed in solvent A, the spots were 


isolated, cut out, and counted in 2.5 ml Bray's. 
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phospho- ; 
mono- pee aN 
Kinase dTMP 


esterase 


+U 
rapid ge Xt 
dUMP o -——_____-___---» TJdR (eI ame (at Petit 
+T 
thymidine 
phosphorylase 


In the absence of triphosphates, UdR and dR-1-P 
appeared to be the best deoxyribose donors. In the 
presence of dCTP, CdR, UdR, and dR-1-P all appeared to 
be good donors. In the presence of ATP, UdR and CdR 
serve equally well as deoxyribose donors. Thus thymidine 
DoLmatton can take place in Escherichia ‘coli B cell 
free extracts by the salvage pathway rather than the de 
novo pathway using thymidylate synthetase. This finding 
agreed with the work of Mantsavinos and Zavenhof (1961). 

The production of thymidylate was greatest in 
Pee ion mixtures which had dR-1-P as the substrate and 
a triphosphate (ATP or dCTP) present. However considerable 
PReouuciulonewaheatso Lound in the.d CMP. ATP reaction 
Merce wilth vn. COLiebal—~licelijiures extract. “The multiple 
pathways involved in dTMP production prevented further 
Mies cEracLOn Of) this Low vactivity « 

6. Deoxyriboaldolase Activity 

A comparison of several strains of Escherichia 
coli was made to determine the amount of deoxyriboal- 
dolase activity present. It was found that both of the 


wild types (K12SH, B) and both of the low requiring 
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TABLE VI 


Comparison of Substrates For Thymine to Thymidylate 


Cui ere Cammy lCell eres Extracts of Strains of EB. colt 


_ 


Corrected DPM/20u1/30 min. 


E. coli B B-lo9 Brl-l, 
Substrate TdR d TMP TdkR dTMP TdR dTMP 
dUMP 1000 = 1600 110 1800 100 
UdR 60000 470 21000 140 - 16500 = 
dCMP OW fee 1400 50 2250 | 2 
CdR 16000 30 23000 250 4000 « 
dR1P 68500 500 24000 100 27000 450 
dUMP + ATP 3400 140 4700 200 3000 1000 
UdR + ATP 70000 BLO 43000 400 35000 400 
dCMP + ATP 1600 220 LO Oaewnl2 oC 6500 2000 
CdR + ATP 71000 130 30000 “: 2200 = 
aR1P + ATP 46500 1000 34000 450 20000 1100 
dUMP + dCTP 2600 200 2400 800 1200 1250 
UdR + dCTP 32000 100 60000 900 50000 1000 
dCMP + dCTP 1100 330 300 750 3400 500 
CdR + dCTP 71000 300 29000 200 71000 200 
dR1P + dCTP 68500 1500 30000 © 900 30000 1140 


i a 


The assay mixture contained the following in 
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SOM) we elitis sAcetate. phi? .,6,, 20 imi: MeCl Pa a ead RP A a 


De 
JetNeeceuc/Umole alipetrate, 2 mM: ATP or dCTP, 1 mM; 


and, 0. 10sme. protein. 
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strains Clara. 5275) contained deoxyriboaldolase activity 
comparable to that found by Breitman and Bradford (1967). 
These results are shown in Table (VII). It was of special 
interest that both 15TAU and 5275 possessed the aldolase 
activity and yet both were low thymine requirers., Other 
workers (Hoffee, 1968; Breitman and Bradford, 1967) have 
reported low thymine requiring strains which do not possess 
Peony riveaidelare activity’. 

7. Deoxyribomutase Activity 

Because both low thymine requirers used in these 
experiments possessed normal basal levels of deoxy- 
riboaldolase activity, the deoxyribomutase levels of 
these strains came under question. It appeared reason- 
able that the low thymine requirement resulted from 
increased dR-1-P levels due to the inability of the low 
thymine requirers to catabolize deoxyribose, Since the 
aldolase activity was normal for these double mutants, 
it was possible that the mutase activity was missing. 

The results of the deoxyribomutase assay are shown in 
Table (VIII), and are in agreement with results published 
by Breitman and Bradford (1968). 

E. coli K12SH did not show induction of deoxy- 
ribomutase activity after growth in a medium containing 
thymidine whereas strain B did, increasing from 235 to 
560 mumoles/hr/mg of dR-1-P converted to dR-5-P. However 
the level of deoxyribomutase activity in K12SH in the 


thymine supplemented medium appears to be the induced 
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TABLE VII 


Déeoxyriboaldolase Activities of 4 Escherichia coli Strains 


Organism De oo mumoles/hr/mg protein 
K12SH | 0.68 2,560 

B 04.35 Zw a0 

TS TAU che? 1,000 

52755 0.62 2,400 

Control 

- Enzyme 4 a 


The reaction mixture contained the following in 
Wetec iss Acetate (pH 77 25", 50 mM; dR-5-P, 2.5 mM; 
and Pr cmiaecely. 071 COs. Merprocein swe ineareaction 
mixture was stopped after 30 minutes at 37°C with 0.35 ml 
of cold 4% PCA. -The protein-free acid supernatant. was 
analyzed for loss of deoxyribose-5-P using the diphenyl- 


amine procedure of Burton (1956). 
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TABLE VIII 


Deoxyribomutase Lever seen ueLLerreewextracts of Strains. of 
E. coli After Growth On Either Thymine or Thymidine 


Supplemented Media 


Supplement Corrected 

Organism af TdR OD gg mumoles/hr/mg protein 
K12SH + Vanes 610 

+ ey 560 
B + tae Be) Anata 

+ a0 560 
15TAU + Whe {85 
oT + O.5/7 €45 

+ G3,56 €45. 
Control 0,205 


a 


The measurement of the conversion of the sub- 
strate dR-1-P to dR-5-P was based on the acid insta- 
bility of dR-1-P, while the product dR-5-P as well as 
glyceraldehyde-3-P are acid stable. Thus the conversion 
is followed by measuring the loss of inorganic phosphate 
in the reaction mixture 


The thymidine concentration in the medium was 1 mM. 
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level. Both low requiring strains showed low levels of 
deoxyribomutase activity and strain 5275 did not show an 
induction of activity similar to that of koa Cease 


when grown in a medium containing thymidine. 


J a, va a ; 4 ; 
a | 4 y 


j ; 
. R e Hy td ? ; > 
ob hr ie eee, ~ M er ai : 0S. AO i 
gy 1 RAS LARS Eh een a 
j ] ri af « , he ae ie - 
4 : a n . Wie 4, ; , we 


eo fe 


DISCUSSION 


There were no significant differences in phospho- 
monoesterase activity found in any of the wild type, 
high- or low-requiring strains. The activities for the 
various strains for a given substrate were all within a 
range eich appeared to be much higher than necessary 
for supplying deoxyribose for production of dTMP during 
normal DNA synthesis. The phosphomonoesterase activities 
ranged for dUMP from 400 to 900 mumoles/hr/mg protein. 
The B family of mutants displayed a lower set of acti- 
Tete s stor alu tives substrates CdCMP, dUMP, dIMP, dAMP, 
dGMP). Normal DNA production can be supported in the wild 
type by thymidylate synthetase with a specific activity 
Preoemunoles/hr/mpe protein (Harrison, 1965). Thus it 
appeared that phosphomonoesterase activity was not a 
limiting step in the supply of deoxyribosyl donors. 
The inactivity of thymidylate synthetase in high and low 
thymine requirers should result in an increase in the 
Ail ee of ATMA le within the cell. The dephos- 
phorylation of dUMP results in the production of UdR 
and this nucleoside can serve as a substrate for thymidine 
phosphorylase (Razzell and Casshyap, 1964). 

PrLOretomthne establishment of an- equilibrium after 
the loss of thymidylate synthetase, dTTP levels would 
ronleenieresiltaan anwaccumulation of dATP, dGTP and dCTP. 


Degradation of these deoxynucleoside triphosphates would 
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increase the deoxyribose pool and hence the synthesis of 
thymidine if an external source of thymine were present. 

Therefore higher levels of these deoxynucleoside 
triphosphates could be expected in thymine requiring 
mutants. Neuhard (1966) found that when thymine requiring 
mutants were starved for thymine the dATP and dCTP pool 
size increased. With the establishment of equilibrium 
both the deoxynucleoside triphosphates and the dUMP 
pool could be expected to contribute the required deoxy- 
Di posecerLor.alir. production . 

The results displayed Diet ab Lem) sasiows. Cia teu hk 
and dR-1-P are equally good substrates for thymidine 
phosphorylase. Razzell and Casshyap (1964) reported that 
CdR was not a substrate of pure thymidine phosphorylase. 
In the crude cell free extract used in these experiments 
CdR must have been converted first to UdR by the active 
CdR deaminase present. Thus in crude cell free extracts 
it was possible for CdR to support the synthesis of TdkR. 

FrOmetbesresults, fork. coli, By shown in Table VI 
it appeared that the addition of a nucleotide (dUMP, 
dCMP) as a substrate required phosphomonoesterase activity 
LOeCOUVeT tal feLora nucleoside prior tovuse. Only when 
a nucleoside or deoxynucleoside triphosphate was present, 
was there any conversion of thymine to thymidylate. 
Reaction mixtures Contain nesok~l—-P and ATP: oy @ak-1-P 
and dCTP produced the largest amount of thymidylate. In 


ie COU Be 2 and B-l-1, cell free extracts there appeared 
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to be some thymidylate formation in assay mixtures con- 
Painine: dCMPL and ATP) or: dCMP,. and. dCTP. 

Deoxycytidylate deaminase could not be unequi- 
vocally demonstrated in any cell free extract at any time. 
The sensitivity of the assay employed was about 1 iie 
mumoles of dUMP. This limit was due to the low specific 
activity of the radioactive substrate acup-2-14¢ (2 uc/umole). 
Higher specific activities would result in increased 
sensitivity. The fourth dCMP deaminase system used had 
a higher sensitivity than any other system described 
previously (Keck et al, 1960; Maley and Maley, 1966) and 
was well suited for the examination of crude celi free 
extract enzyme sources. 

Thus no major differences were found in any of the 
enzymatic oui tea examined which could lead to an 
danchidiale ei pool of dR-1-P by Piciitesatton of this compound. 

The nature of the second Sane ree controls 
the Peeee dative thymine requirement provided a more 
interesting problem. The mutation (tlr or thy-R) has 
Deenwmapped singh. cOlLmeKly 2¢0; dda, 1966; “Alikhantan et al, 
1966) and in S. typhimurium (Eisenstard et al. 1968) 
and is located some distance from the thy locus as 
described previously (see Introduction). Several reports 
have indicated that the mutation is involved with deoxy- 
ribose metabolism, particularly with the catabolic enzyme, 
5-phosphodeoxyriboaldolase (Hoffee, 1968; Breitman and 


Brace orcey elo one lntciehocuse (tlr)tisiaiso involved in the 
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EEE oa of another phenotype, deoxyriboside sensitivity 
(Hoffee, 1968; Lomax and Greenberg, 1968). 

The investigation of aldolase levels in 15TAU , 
and 9275, for this thesis revealed normal basal levels for 
this enzyme. However it was found that both of these 
mutants possessed low levels of phosphodeoxyribomutase 
Grable Wied je Pibiss finding wasein agreementswith the 
work of Breitman and Bradford (1968) who reported that 
two low thymine requiring strains (15T and strain I) 
both possessed similarly low levels of mutase activity. 

The deficiency of strain I was maintained after the 
back-mutation to thymine independence. Both strains 
were not Tanger bas for deoxyriboaldolase or thymidine 
phosphorylase which agrees with the work of Hoffee 
(1968) who used S. typhimurium. Breitman and Bradford 
(1968) also report that their findings on the mutase 
deficiency have been confirmed by personal communica- 
tion with A. -Munch-Peterson (K12) and R.C. Bockrath 
(15T derived mutants). 

SHG mutasewderticiencywerftEnacoli, 5275ahelped) to 
explain the finding of Razzell and Casshyap (1964) that 
this organism was not inducible for thymidine phosphorylase. 
Externally applied dR-1-P could not be converted intra- 
eeblularly to dR-5-P, «the inducer of both’ deoxyribo=- 
aldolase and thymidine phosphorylase. That dR-5-P is 
the inducer of these enzymes was shown by Barth et al 


(1968) using a mutase deficient strain (E. coli K12: 
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P152) which was not inducible for either of these enzymes. 
Piecewise boo easerdeidcuent strain (CR34)\ was. constitutive for 
thymidine phosphorylase and the mutase because it possessed 
an increased pool of dR-5-P, being unable to catabolize 
this compound. The aldolase and mutase deficient strains 
both excreted free deoxyribose into the medium during 
normal growth (Barth et al, 1968). When either of these 
deficiencies were coupled with the loss of thymidylate 
synthetase, the double mutant gained an enhanced ability 
to synthesize thymidine from thymine due to the enlarged 
deoxyribose pool. When a double mutant (E. coli 70V3- 
462) was starved for thymine, excretion of deoxyribose 
into the medium also occurred (Breitman and Bradford, 
Po) mal view Loappeared that. Loss of the ‘ability to 
catabolize deoxyribose through either an aldolase or 
a mutase deficiency resulted in an increased deoxy- 
ribose pool and a lowered thymine requirement. 

Ahmad et al (1968) have postulated an operon in 
E. coli which contains thymidine phosphorylase, purine 
nucleoside phosphorylase, deoxyriboaldolase and perhaps 
deoxyribomutase, Lacaredecoerlewlett ofr the thr locus. 
These enzymes have in common the inducer, dR-5-P. 

Lomax and Greenberg (1968) have also reported a 
clustering of genes concerned with thymidine catabolism 
Ou bree t  s10e pOretne wthr locus. These workers pro- 
posed that the deo A gene controlled thymidine phos- 


phorylase, the deo C gene controlled the aldolase and 
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that the deo B gene controlled the mutase. The mutase- 
deo B relationship had not been verified by enzyme assay. 
The close linkage of these genes (deo A, B, and C) 
and the biochemical relationship of their products indi- 
cated that these genes may constitute an operon as proposed 
by Ahmad et al (1968). 

In conclusion it appears that the high thymine 
requirement is ‘the ‘result of an internal contentration 
of dR-J-P which is” too! low to maintain a rate of synthesis 
Oretnymscdy Vaterto jermit: DNA synthesis tosoccur .ateits 
normal rate when the external thymine concentration is low. 
The low thymine requirement appears to result from blockage 
of further deoxyribose catabolism at either the mutase 
or the aldolase level which permits the deoxyribose pool 
to increase thus enhancing the rate of synthesis of thymi- 
dine by thymidine phosphorylase. Revertants from the tlr 
Strains offi «coli ssuch as TS retatn the abilaty to 
incorporate exogenous thymine (Crawford, 1968). However 
revertants from high-thymine-requiring strains wiil not 
incorporate exogenous thymine unless a deoxyribose donor 
(AdR) is supplied in the medium (Budman and Pardee, 1967). 
Thus it appears that the availability of deoxyribose 
donors is the’ keyto the problem of quantitative thymine 


requirements. 
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